Background Untreated human immunodeficiency virus (HIV) infection is characterized by progressive depletion of CD4+ T lymphocyte (CD4) count leading to the development of opportunistic diseases (acquired immunodeficiency syndrome (AIDS)), and more recent data suggest that HIV is also associated with an increased risk of serious non-AIDS (SNA) diseases including cardiovascular, renal, and liver diseases and non-AIDS-defining cancers. Although combination antiretroviral treatment (ART) has resulted in a substantial decrease in morbidity and mortality in persons with HIV infection, viral eradication is not feasible with currently available drugs. The optimal time to start ART for asymptomatic HIV infection is controversial and remains one of the key unanswered questions in the clinical management of HIV-infected individuals. Purpose In this article, we outline the rationale and methods of the Strategic Timing of AntiRetroviral Treatment (START) study, an ongoing multicenter international trial designed to assess the risks and benefits of initiating ART earlier than is currently practiced. We also describe some of the challenges encountered in the design and implementation of the study and how these challenges were addressed. Methods A total of 4000 study participants who are HIV type 1 (HIV-1) infected, ART naïve with CD4 count > 500 cells/µL are to be randomly allocated in a 1:1 ratio to start ART immediately (early ART) or defer treatment until CD4 count is <350 cells/ µL (deferred ART) and followed for a minimum of 3 years. The primary outcome is time to AIDS, SNA, or death. The study had a pilot phase to establish feasibility of accrual, which was set as the enrollment of at least 900 participants in the first year. Results Challenges encountered in the design and implementation of the study included the limited amount of data on the risk of a major component of the primary endpoint (SNA) in the study population, changes in treatment guidelines when the pilot phase was well underway, and the complexities of conducting the trial in a geographically wide population with diverse regulatory requirements. With
Introduction
Randomized controlled trials comparing different strategies for the clinical management of people with human immunodeficiency virus type 1 (HIV-1) in the current environment of the treatment of HIV pose a multitude of challenges in design and implementation. In this article, we report on our experience in designing and initiating the Strategic Timing of Initiating AntiRetroviral Treatment (START) study, a multicenter international randomized clinical trial evaluating the clinical impact of early versus deferred initiation of antiretroviral therapy in HIV-infected individuals. The study is funded primarily by the Division of Acquired Immunodeficiency Syndrome (DAIDS) of the US National Institute of Allergy and Infectious Diseases (NIAID), with cofunding from several governmental agencies in the United States, Europe, and Australia. Six pharmaceutical companies are donating antiretroviral drugs for the duration of the trial. We summarize the rationale, design, governance, and plan of implementation of the study and describe some of the challenging issues encountered and the approaches we have adopted to overcoming them.
Rationale for a randomized trial of early treatment of HIV
Combination antiretroviral treatment (ART) has resulted in a substantial decrease in morbidity and mortality in persons with HIV infection [1, 2] . The optimal time to start ART for asymptomatic HIV infection, however, remains one of the key unanswered strategic questions in the clinical management of HIV-infected individuals. The level of CD4+ T lymphocyte cells (CD4 count) is the primary factor used in deciding when to initiate ART. Some treatment guidelines recommend that ART should be initiated at a CD4 count of 350 cells/µL [3] [4] [5] ; other guidelines recommend the initiation of ART when the CD4 cell count falls to a level below 500 cells/µL [6, 7] . These variations arise because there are no randomized trials assessing the risks and benefits of treatment at a CD4 count > 350 cells/µL. There are a number of reasons supporting deferral of therapy. First, although current ART regimens are very effective in suppressing viral load, increasing CD4 count and enhancing immune function, with greatly improved tolerance and convenience, viral eradication is not an attainable goal with current treatments. This is because viral DNA, which is capable of producing new replication-competent virus upon cellular activation, persists within the host genome of some long-lived cells, including resting memory CD4+ cells, which precludes the elimination of the virus by ART alone for several decades [8] . Thus, daily treatment needs to be taken for life and requires a very high level of adherence in order to maintain efficacy, which is challenging for many patients. A consequence of suboptimal adherence is an increased risk of the development of drug resistance. Second, many drugs still have significant toxicity, which is often cumulative. Given the limited experience with many of the drugs to date (compared with the decades over which they will probably need to be used), it is to be expected that there will be unforeseen toxicities emerging as the drugs begin to approach their first or second decade of use. Third, the drugs are expensive. Because treatment is lifelong, there are serious financial constraints limiting access to treatment, particularly for those in resource-limited settings. Fourth, the excess risk of death associated with untreated HIV may be small at a CD4 count > 500 cells/µL, as suggested by a multicohort collaborative analysis comparing the death rate in untreated HIVinfected people with the general population [9] . Furthermore, the absolute risk of opportunistic diseases that constitute the acquired immunodeficiency syndrome (AIDS) is small at a CD4 count above 350 cells/µL [10, 11] , and the cost-effectiveness of initiating ART at a CD4 count above 350 cells/µL is uncertain.
On the other hand, more recent data indicate that there is a great potential for a reduction in serious morbidity and mortality due to non-AIDS conditions and in the risk of onward transmission of HIV from earlier initiation of ART. In the last few years, it has been recognized that HIV infection has broader effects beyond opportunistic diseases that may increase mortality even in early stages of the disease [12] . These effects include an excess risk of cardiovascular, renal, and hepatic diseases and malignancies not traditionally associated with a compromised immune system [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Such serious non-AIDS (SNA) conditions are now thought to be related to the processes of immune activation and inflammation that are known to accompany HIV infection, rather than the immune-compromised state per se [27, 28] . In the Strategies for Management of AntiRetroviral Therapy (SMART) study, which compared continuous versus interrupted ART in 5472 participants with baseline CD4 counts > 350 cells/µL, the risk of both AIDS and SNA conditions was higher with interrupted ART compared to continuous ART [13] . This difference in AIDS and SNA conditions was also apparent among the subgroup of participants who were either ART naïve or who had previously taken ART but stopped more than 6 months before randomization (a comparison of immediate ART for those with CD4 > 350 cells/µL versus deferral of ART until the CD4 declined to <250 cells/µL) [29] . The findings from this subgroup, however, lack power because of the small number of participants. Data from observational studies suggest that the risk of AIDS increases as the CD4 count decreases, even at levels above 500 cells/ µL and that, at the same level of CD4 count, the risk of AIDS appears to be lower in patients who have started ART than in those who are ART naïve [10, 11] . Data from the SMART study are consistent with these findings. In addition, rates of SNA conditions and death are lower at higher CD4 counts [12, 25, 30] . More recently, the clinical effect of starting ART at a CD4 count > 350 cells/µL was investigated by two large observational studies using separate multicohort datasets. Findings from the first study suggested that mortality was reduced by about 40% when ART was initiated at a CD4 count between 350 and 500 compared to <350 cells/µL, while mortality was almost halved if ART was initiated at a CD4 count above 500 compared to between 350 and 500 cells/µL [31] . In the second study, however, no evidence of an increase in the risk of AIDS or death was found when ART was started at a CD4 count above 450 compared to between 350 and 450 cells/µL [32] .
In addition to the potential individual benefit, earlier treatment has the potential to reduce the risk of HIV transmission through suppression of viral load, a finding with clear import to public health [33] [34] [35] [36] . The amount of HIV virus present in the blood and genital secretions is the most important risk factor for onward viral transmission, and ART reduces plasma HIV RNA to very low levels at which HIV transmission is extremely rare, at least for heterosexual transmission [37, 38] .
On the basis of evidence from large nonrandomized studies and a small subgroup of one randomized trial, the clinical benefit from starting ART at a CD4 count above 500 cells/µL is plausible, although not established. Even when proven, the magnitude of such benefit would need to be reliably estimated in order to quantify the multifaceted risk-benefit trade-offs and cost-effectiveness analyses undertaken to help guide public health policy. This could only be done in a randomized trial and, thus, is the motivation for the START study.
Overview of study design and methods

Design
START is an open-label multicenter international randomized trial comparing serious AIDS and non-AIDS morbidity or mortality between two management strategies for ART-naïve individuals with baseline CD4 counts above 500 cells/µL who are randomized to begin ART immediately (early ART) or to defer ART until the CD4 cell count declines to below 350 cells/µL or AIDS occurs (deferred ART).
A total of 4000 participants are to be randomly allocated over a 3-year period in a 1:1 ratio to the early or deferred ART group and followed up for a minimum of 3 years (Figure 1 ). The study had two phases: a pilot phase to establish the feasibility of accrual, which was set as the enrollment of at least 900 participants in the first year; and a definitive phase to complete study accrual upon successful conclusion of the pilot phase. Participants allocated to the early ART group are to start treatment immediately. Participants allocated to the deferred ART group are to start treatment when their CD4 count drops to below 350 cells/µL, based on two measurements not more than 1 month apart, or when they develop AIDS. The initial ART regimen prescribed to study participants must be chosen from a study-approved list of regimens, which consists of potent drug combinations based on current US Department of Health and Human Services (DHHS) treatment guidelines [6] . As described in Table 1 , a study-approved regimen consists of two components. One component is a dual combination of two nucleoside or nucleotide analogue reverse transcriptase inhibitors (NRTIs: tenofovir/emtricitabine, zidovudine/lamivudine, or abacavir/lamivudine). The other component consists of either a non-nucleoside analogue reverse transcriptase inhibitor (NNRTI: efavirenz), or a ritonavirboosted protease inhibitor (PI: atazanavir, darunavir, lopinavir, or fosamprenavir), or an integrase strand transfer inhibitor (INSTI: raltegravir). The choice of the initial ART regimen from the approved list is left to the clinical judgment of the study clinicians, who are permitted to use any available ART in cases of drug intolerance, toxicity, or for subsequent regimens in case of virological failure. All antiretroviral drugs used in the study must have approval or tentative approval from the US Food and Drug Administration (FDA) or the European Medicines Agency (EMA) and may be obtained either from the study Central Drug Repository (CDR) or through local sources. The large choice of antiretroviral drugs allowed in the study enhances the generalizability of the findings.
The study is open-label since it is impractical, futile, and even undesirable to blind the treatment assignment. Given the flexibility in the choice of ART regimens and the large number of available drugs, the use of placebo would have been impractical. Regular assessment of the level of HIV RNA viral load, which is impacted by treatment, is routinely used to monitor response to treatment, which would render any attempt to blinding futile. Moreover, the use of placebo, even if it were to be feasible, would create an artificially high pill burden, undermining the ability of the study to assess the risk and benefits of early treatment as would be implemented in practice. The potential for event ascertainment bias due to the lack of blinding is mitigated by the use of objective diagnostic criteria for the clinical events comprising the composite primary endpoint [39, 40] , and by keeping the study's Endpoint Review Committee (ERC) blinded to treatment allocation. In order to reduce the risk of differential intensity of investigations between the two treatment groups, the same standardized follow-up schedule is used in both groups.
Rationale for the selected treatment strategies
The choice of the two treatment strategies to be compared in START was made with a view to achieving a sufficient difference in exposure to ART between the two groups so that a treatment difference in clinical outcome is plausible. The CD4 cell count of 350 cells/µL below which ART is to be initiated in the deferred ART strategy was based on the treatment guidelines in effect for many regions of the world at the time when the study was first implemented [3] [4] [5] . The entry criterion of a CD4 cell count > 500 cells/ µL was chosen to ensure a sufficiently large difference in CD4 count between the groups during an average follow-up of 4.5 years, while maintaining CD4 cell counts in both groups at levels where the risk of disease was low. We expected that most individuals would enter the study with CD4 cell count between 500 and 600 cells/µL, with only a few entering having much higher CD4 cell counts. In persons who have never used ART, the CD4 cell count declines by an average of about 60 cells/µL per year [41]; thus, a participant who entered the study with the lowest eligible CD4 cell count would be expected to defer ART by about 2.5 years if randomized to deferring ART. In Appendix A, we describe a simulation study we undertook to derive plausible distributions for CD4 cell counts during follow-up in the two groups under realistic assumptions about the distribution of CD4 cell count at randomization and the evolution of CD4 count both before and after initiation of ART. Some participants in the deferred ART group will initiate ART before reaching an endpoint and before the CD4 count falls below 350 cells/µL either because of the development of HIV-related symptoms that do not constitute an endpoint (as permitted by the protocol) or for another reason. We assumed that only 70% of participants allocated to defer ART would wait until the CD4 cell count drops to <350 cells/µL before initiating ART, and that 20% and 10% would only wait until the CD4 cell count drops to below 400 and 450 cells/µL, respectively. We assumed that 40%, 30%, 20%, and 10% of participants would enter the study with CD4 counts between 501 and 550, between 551and 600, between 601 and 700, and between 701 and 1000 cells/µL, respectively, which would result in a median CD4 count of 566 (mean of 597) cells/µL. These design assumptions may be conservative if the observed median baseline CD4 count is higher, in which case we would expect longer time to initiation of ART in the deferred ART group and a larger treatment relative difference in the primary outcome. We summarize the results of these simulations below. Model parameters for the simulation studies were derived from data on 15,274 individuals whose date of HIV seroconversion is well documented as part of 26 cohorts participating in the Concerted Action for HIV SeroConversion and AIDS in Europe (CASCADE) study [42, 43] . Figure 2 shows the projected median CD4 count in the two treatment groups during follow-up. The largest treatment difference in CD4 count is expected to occur during the second year and is reduced during subsequent follow-up as more participants in the deferred ART group initiate treatment. The simulation results detailed in Appendix A suggest that the median CD4 count in the early ART group would be higher than in the deferred ART group by 161 and 103 cells/µL 1 and 6 years after randomization, respectively. The decline of the projected median CD4 count after the first year in the early ART group takes account of the possibility that some participants might not adhere to their assigned treatment strategy and interrupt ART. In the CASCADE cohorts, Touloumi et al. [44] estimated that about 20% of those who started ART after 1 year from the date HIV seroconversion interrupted or stopped ART at some point after ART initiation. Thus, if the proportion of participants in the early ART group who stop or interrupt therapy in START is much lower than 20%, our estimate of the treatment difference in CD4 count is likely to be conservative.
The Kaplan-Meier plot for the projected time to ART initiation in the Deferred ART group is shown in Figure 3 . Median time to ART initiation in the deferred ART group is projected to be 37 months (lower quartile: 17 months and upper quartile: more than 72 months). If all participants in the deferred ART group waited until the CD4 count drops to below 350 cells/µL, the median time to ART initiation would be 41 months (lower quartile: 21 months).
Primary endpoint
The primary outcome for START is time to the development of a nonfatal serious AIDS or non-AIDS condition or death from any cause. The composite primary endpoint has two major components. The first major component is fatal AIDS or a nonfatal but serious AIDS condition. Fatal AIDS is any death whose primary cause is any clinical event satisfying the diagnostic criteria of an AIDS-defining event according to the 1993 Centers for Disease Control (CDC) expanded surveillance definition of AIDS plus additional events associated with immunosuppression in the patient population targeted for enrollment [39, 45] . Nonfatal serious AIDS events (4) all non-AIDS-defining cancers, excluding basal and squamous cell skin cancers [40] . Unlike most trials of the treatment of HIV, which use HIV RNA viral load and CD4 cell count as outcome measures, the primary endpoint in START is clinical. Only clinical endpoint trials, with endpoints including the main serious conditions postulated to be affected by HIV and/or ART, can give reliable estimates of the risk-benefit trade-off of the early versus deferred treatment strategies. While the degree of CD4 increase and viral load suppression after starting ART can be reasonably estimated from existing data, the clinical impact of increases in CD4 count and suppression of HIV RNA by ART while the immune system is still relatively intact is largely unknown, as is the potential for other effects that are not mediated by these markers, such as drug toxicities. The reliable assessment of the clinical impact of starting ART at high CD4 counts compared to waiting until the CD4 count drops to below 350 cells/µL is the main objective of the START study.
START is unique in being the first and, to our knowledge, only HIV treatment trial to use SNA conditions as part of a composite primary endpoint. Based on data from observational studies, the risk of AIDS at CD4 cell counts > 350 cells/µL is small (of the order of 0.5-1.0 per 100 person-years) compared to the risk of SNA, which is expected to be four to five times as large [13] . On the other hand, the anticipated relative risk reduction with the use of ART is much higher for AIDS than for SNA so that the absolute risk reductions are expected to be comparable.
Secondary endpoints
A broad range of clinical secondary outcomes are assessed to allow for a comprehensive evaluation of the benefits and risks of early ART. Some of these outcomes are assessed in all randomized participants and some in subsamples for efficiency. Three key secondary endpoints are the components of the primary composite endpoint (AIDS* and SNA) and allcause mortality. Other secondary outcomes assessed in all randomized participants include fatal or nonfatal AIDS (including esophageal candidiasis and chronic Herpes simplex); all non-AIDS-defining cancers (including basal and squamous cell skin cancers); bacterial pneumonia; pulmonary embolism; deep vein thrombosis; new-onset diabetes mellitus; coronary artery disease requiring drug treatment; congestive heart failure; peripheral vascular disease; various other adverse events; as well as HIV drug resistance, quality of life, health-care utilization and cost of care, and HIV transmission risk behavior.
Substudies
Studying treatment-naïve individuals with CD4 counts > 500 cells/µL provides a rare opportunity of undertaking substudies to make an unbiased assessment of the impact of ART versus untreated HIV on various outcomes, taking advantage of the randomization and the systematically collected clinical data and stored specimens. It is important, however, that the conduct of substudies does not create a burden on study participants and site personnel such as to compromise the quality of the conduct of the main study. Currently, there are four substudies, which compare early ART and deferred ART in terms of outcomes specific to the question addressed by the substudy.
The neurology substudy will evaluate the impact of early treatment on neurocognitive function in 600 participants from 35 sites. Early ART will be compared to deferred ART in terms of change from baseline in the quantitative neurocognitive performance z score (QNPZ-8), derived from a test battery of eight tests [46] [47] [48] [49] [50] [51] administered by trained study staff at baseline; months 4, 8, and 12 ; and annually thereafter.
The arterial elasticity substudy will coenroll a total of 300 participants at 17 sites to determine whether early ART is superior to deferred ART in increasing large and small artery elasticity measured by trained study staff using a portable radial artery ultrasound device at baseline; months 4, 8, and 12; and annually thereafter. The difference between the two randomized groups in change from baseline in these two measures (averaged over follow-up) will be estimated.
The pulmonary substudy aims to determine whether early ART alters the rate of lung function decline compared to deferral of ART by comparing the two treatment groups in terms of the rate of decline of forced expiratory volume in 1 s (FEV 1 ), which will be measured by a handheld spirometer at baseline and annually in 1000 coenrolled participants.
The bone mineral density (BMD) substudy aims to quantify the relative contributions of HIV and treatment for HIV on rates of hip and spine BMD loss. BMD will be measured at baseline and annually in 400 coenrolled participants.
In each of these four substudies, participants are consented separately for participation before randomization in the main study, so that the substudies' primary comparisons are protected by the randomization.
Since the informed consent process has become increasingly burdensome for participants in recent years, the START study will also include an informed consent substudy. Prior to beginning enrollment, participating clinical sites will be cluster-randomized to use either the standard study consent or a concise consent for all participants. Participant understanding and satisfaction will be assessed using structured questionnaires to be completed on a voluntary basis.
At participating sites, START study participants will also be asked to consent to a genomics substudy and provide a whole blood sample from which DNA will be later extracted to study validated genetic variants that determine the risk of the primary and secondary outcomes assessed in START. Participants may elect to withdraw from this substudy at any time and have their blood sample destroyed.
The START substudies maximize the scientific gains of this unique randomized trial by bringing together a diversity of donors, scientific expertise, and investigators to answer a wide-ranging set of clinical and translational questions of import to the treatment of HIV-infected individuals. Table 2 lists the inclusion and exclusion criteria for START. The study has very broad entry criteria; with few exceptions, all previously untreated HIVinfected individuals in reasonably good health and with two recent CD4 cell counts > 500 cells/µL are eligible provided they are willing to adhere to the allocated treatment strategy and data collection schedule. Any prior use of ART, including for prevention of mother-to-child transmission, or any prior immunomodulatory therapy excludes participation in the trial. Individuals are also excluded if they have a history of any AIDS-defining condition; presence of symptoms consistent with HIV disease progression; or a history of myocardial infarction, angioplasty or bypass surgery, stroke, dialysis, renal transplantation, decompensated liver disease, or non-AIDS-defining cancer within 6 months before randomization. For reasons of safety, the study excludes participation of women currently pregnant or breast-feeding. Also excluded are individuals under involuntary incarceration.
Study population
The study will enroll participants from diverse populations on five continents without selection for or against prior high risk of the composite primary outcome, for example, high HIV RNA viral load or high risk score for cardiovascular disease. The rationale for the choice of such a heterogeneous population is to enhance the generalizability of the study findings. This will also permit analyses according to baseline risk factors for the primary outcome to be carried out at the completion of the study to explore how ART should most effectively be used in subgroups considering absolute risk reductions and cost-effectiveness.
Not all eligible individuals will be willing to be randomized. The extensive data collected on individuals screened at baseline will help us assess how representative those who enter the study are compared to the clinic populations from which they were drawn.
Sample size estimation
There were several challenges in the sample size determination in START including estimation of the Diagnosis of any clinical AIDS event Two CD4 cell counts >500 cells/µL at least 2 weeks apart within 60 days before randomization Presence of HIV disease progression such as oral thrush, unexplained weight loss, or unexplained fever Karnofsky performance score ≥80. Perceived life expectancy of at least 6 months Cardiovascular event (myocardial infarction, angioplasty, coronary artery bypass grafting, and stroke) within 6 months before randomization For women of child-bearing potential, willingness to use contraceptives as described in the product information of the ART drugs they are prescribed Non-AIDS-defining cancer, excluding basal and squamous cell skin cancer, within 6 months before randomization. Dialysis within 6 months before randomization History of decompensated liver disease Current imprisonment, or compulsory detention (involuntary incarceration) for treatment of a psychiatric or physical illness expected primary event rate during follow-up. Although there are large amounts of data on the rates of AIDS and all-cause mortality by latest CD4 cell count from cohorts of HIV-infected persons, there are insufficient data on these events in ARTnaïve individuals in follow-up periods during which CD4 count is >500 cells/µL. Furthermore, only a few cohorts have well-documented causes of death, and there are virtually no data on nonfatal SNA in ARTnaïve individuals. Most of the data for SNA come from the SMART [13] and Evaluation of Subcutaneous Proleukin in a Randomized International Trial (ESPRIT) studies [52] . In addition, an association between duration of ART and the risk of myocardial infarction was reported in a multicohort analysis by the Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study group [53] . In these three studies, however, most participants had been taking ART for several years at the time of enrollment.
Our estimates of the expected event rates in the Early and Deferred ART groups were derived from analyses of event data by latest CD4 from the CASCADE and the UK Collaborative HIV Cohort (CHIC) observational studies [42, 54] together with computer simulations of the expected distributions of CD4 cell counts in START. These estimates are described in detail in Appendix B. Because of the uncertainties in some of the assumptions used in deriving the expected event rates, we plan a sample size reestimation before enrollment is completed. The reestimation will be based on the observed event rate pooled across the treatment arms and the hypothesized treatment difference. The observed treatment difference will be unknown to those performing the sample size reestimation.
The sample size has been estimated as 4000 participants to be followed for an average of 4.5 years. The primary analysis will be according to the intention to treat principle, using a stratified two-sided log-rank test with strata defined by geographical region (North America, South America, Europe, Australasia, and Africa) and type 1 error 0.05. A number of assumptions were made in the determination of the sample size. These assumptions are described in detail in Appendix B and are summarized as follows:
• Power was set at 90% for the primary endpoint, in part, to ensure that there would be adequate power to address the two major components of the composite endpoint. • Participants will be enrolled over a 3-year period and followed for a minimum of 3 years resulting in a total study duration of 6 years with average follow-up 4.5 years. • The CD4 cell count at entry will be between 501 and 550 cells/µL for 40% of participants, between 551 and 600 cells/µL for 30%, between 601 and 700 cells/µL for 20%, and between 701 and 1000 cells/µL for 10%; with median count of 566 cells/µL. • In the deferred ART group, the average rate of the primary endpoint is 2.8 per 100 personyears over the follow-up period. Nonfatal SNA events will be four times more common than fatal SNA. Approximately 35% of reported nonfatal AIDS* events and 10% of reported nonfatal SNA events will be rejected by the ERC and not count toward the primary endpoint. In SMART, the rates of confirmed or probable nonfatal AIDS and SNA events, as defined in START, were 0.4 and 2.0 per 100 person-years, respectively, in the continuous ART group [13] . • Based on the computer simulations described in Appendices A and B, early ART is predicted to reduce the primary endpoint average rate by 28.8% compared to deferred ART. This reduction in the hazard assumes (1) AIDS events represent 23% of the primary events in the deferred arm, and early ART will, on average, reduce this hazard by 43%; and (2) SNA events will represent 77% of events in the deferred ART group, and early ART will, on average, reduce this hazard by 24%. The smaller percentage risk reduction anticipated for SNA events takes into account that some of the deaths will be due to causes that are unrelated to HIV and ART. For example, 18% of deaths in SMART were due to substance abuse, accidents, or violence [13] . • The estimated treatment differences take into account likely levels of adherence to the allocated ART strategy. For the deferred ART group, we assumed that 70% of participants would adhere to the deferral CD4 threshold of 350 cells/µL and 30% would initiate ART earlier -10% before the CD4 cell count declined to 400 cells/µL and 20% while the CD4 count was between 350 and 400 cells/µL. For the early ART group, event rates were estimated from CASCADE participants using the full follow-up time after having started ART; this included some participants who subsequently discontinued ART. Thus, event rate estimates include some allowance for nonadherence. • A loss to follow-up rate of 2.7 per 100 personyears (equivalent to a 15% cumulative lost to follow-up after 6 years) is assumed.
Based on these assumptions, 3822 participants (1911 participants in each treatment group) are required. The number of primary events required is 369.
While many of the underlying assumptions are conservative, for some assumptions there is much uncertainty because of the absence of data (e.g., inadequate or no data on rates of non-AIDS morbidity). Table 3 summarizes study sample size estimates for several scenarios based upon different ratios of the rate of nonfatal SNA events to that of fatal SNA events and the proportion of nonfatal AIDS* events that would be accepted as probable or confirmed by the Endpoint Review Committee. Considering this, a sample size of 4000 participants (2000 in each treatment group) and a target of 370 primary events have been established. This may be modified following sample size reestimation.
With the above assumptions, power is 74% to detect the hypothesized 43% reduction in the hazard of AIDS*, and power is 69% to detect the hypothesized 24% reduction in the hazard of SNA.
Study procedures and data collection
Potentially eligible participants will attend screening visits within 2 months before randomization to establish eligibility and collect baseline data. Following screening, eligible participants are randomized in a 1:1 ratio to either early or deferred ART. Randomization is stratified by clinical site. Routine data collection visits (regular study visits) occur at months 1 and 4 after randomization, and every 4 months thereafter. Data collected at study entry and at all follow-up visits include targeted medical history, including smoking status, clinical evaluation, laboratory assessments, and self-reported adherence to ART for those who started ART. Laboratory assessments include, among others, absolute and percent CD4 cell count, HIV RNA viral load, and results of locally performed antiretroviral resistance tests. Plasma and urine specimens are collected prior to randomization and during follow-up, including prior to any ART regimen change, and stored centrally for future analyses.
Additional data collected at study entry and at annual visits include concomitant medications, resting electrocardiogram (ECG), as well as HIV transmission risk behavior, health-care utilization, and quality of life assessments. Prior to randomization, the intended first ART regimen will be collected for all participants. Information on the start of ART, changes to the ART regimen, as well as documentation of important clinical outcomes including components of the composite primary endpoint, certain adverse events, and pregnancy outcomes will be collected during follow-up as they occur.
All participants will be followed to a common closing date when 370 primary endpoints have occurred, currently estimated at the end of 2015.
Study organization and governance
The START study is sponsored by the University of Minnesota and is conducted by the International Network for Strategic Initiatives in Global HIV Trials (INSIGHT) with an organizational structure that reflects the international nature of the collaboration. Scientific and operational oversight for the study is the responsibility of the INSIGHT START study protocol team. The implementation of the protocol is coordinated by INSIGHT staff at the University of Minnesota Coordinating Center (CC) together with four International Coordinating Centers (ICCs) based in Copenhagen, London, Sydney, and Washington. Each ICC is responsible for the management of the study at clinical research sites in multiple countries through one or more Site Coordinating Centers (SCCs). The countries participating in the study and their ICCs are shown in Figure 4 . In total, 237 sites from 36 countries are participating in the study; of these, 100 sites from 22 countries enrolled participants in the pilot phase. 
Clinical event adjudication
A study Endpoint Review Committee (ERC) will review all reported primary or major secondary clinical events to determine the level of diagnostic certainty. Events that are judged as confirmed or probable will be included in the primary analysis. The ERC has established objective criteria for each of the events comprising the primary endpoint and for major secondary endpoints and will carry out the review blinded to the randomized allocation [39, 40] .
Statistical analysis plan
The primary analysis will be by intent to treat, comparing early and deferred ART in terms of time from randomization to first onset of an event satisfying the primary endpoint definition, using a two-sided log-rank test, Kaplan-Meier plots, and a Cox proportional hazard (PH) model stratified by region. Losses to follow-up will be considered uninformative (i.e., a person who is lost has no greater or lesser chance of experiencing the primary endpoint than a person who is not lost to follow-up and followed for the same period of time since randomization). The same methods will be used to compare the two treatment groups in terms of the major secondary endpoints.
Below we discuss some key issues that needed careful consideration in formulating the data analysis plan. These are adherence to the allocated strategy, assessment of potential ascertainment bias, selection of relevant subgroups within which the treatments are compared in secondary analyses, and the assessment of CD4 count at the time of initiation of treatment in the deferred ART group.
Adherence to the allocated ART management strategy will be assessed by providing a detailed description of ART exposure during follow-up to include time to ART initiation in the deferred ART group, percent of follow-up time spent on ART by treatment group, and the distribution of CD4 count at ART initiation in the deferred ART group.
Because the randomized allocation cannot be masked, it is important to assess the potential for ascertainment bias whereby events are underreported in one treatment group compared to the other. We plan to summarize the quality of followup including the frequency of study visit attendance and the timeliness of event reporting and completeness of event documentation by treatment group.
Comparison of early and deferred ART according to subgroups defined by key baseline factors will be mainly limited to the primary and the two major secondary endpoints (AIDS* and SNA). In addition to demographics, CD4 cell count and HIV RNA level at randomization, subgroups will be defined by date of randomization in order to explore the impact of trends in clinical management on the treatment effect, intended ART regimen as specified before randomization (to explore whether the effect of early ART relative to deferred ART is qualitatively different for different treatment regimens), and by risk factors for cardiovascular disease and other SNA conditions to assess the absolute difference in risk for different subgroups defined according to their baseline risk score. The latter includes plans to measure D-dimer, high-sensitivity C-reactive protein, and interlukin-6 at baseline for all study participants. These coagulation and inflammation biomarkers have been shown to be strongly related to all-cause mortality in HIVinfected participants [28, 55] .
A clear description of the distribution of CD4 count in the deferred ART group at the time of initiation of ART is needed for the interpretation of the study findings. CD4 counts are known to have substantial variability, and a major component of this variability is measurement error (variability of repeated assessments of the same sample). The measured (or observed) CD4 count can be viewed as the sum of the true underlying count and measurement error. The distribution of the measured CD4 cell count at the time of initiation of ART in the deferred ART group is likely to underestimate the level of the true underlying CD4 cell count at which ART is initiated. The reason for this bias is the combination of measurement error, which can be substantial for CD4 cell count, and the CD4 criterion for initiation of ART (only when the measured CD4 count is observed to fall below 350 cells/µL). The bias could be as large as 50 cells/µL as demonstrated in Appendix C. For this reason, we plan to provide summary statistics for the distribution of CD4 cell count, not only at the time of initiation of ART, but also at the regular study visit immediately before that at which the CD4 count was first observed to fall below 350 cells/µL.
Data monitoring
The trial is conducted under the direction of the INSIGHT START study protocol team. Members of the study protocol team -except for the statisticians who prepare the confidential analyses for an independent Data and Safety Monitoring Board (DSMB) -and all participating investigators will be blinded to interim results on clinical outcomes.
The DSMB is convened by NIAID and will review at least annually the general conduct of the study, interim analyses including treatment comparisons in terms of the major clinical outcomes, safety reports, and other data that might impact the design of START, for example, data from other completed trials, and cohorts with similarly defined target populations. The DSMB is requested to recommend early termination or modification of the protocol only if (1) there is proof beyond reasonable doubt that one of the two treatment groups is superior to the other group in terms of the primary outcome and its major components, or (2) a treatment difference is unlikely to be established or refuted by the end of the planned follow-up. As a guideline for (1), the Lan-DeMets spending function analogue of the O'Brien-Fleming boundaries will be used to monitor the primary endpoint comparison [56, 57] . The DSMB will be asked not to recommend early termination of the study unless there is evidence of a significant treatment difference based on the spending function boundary for the primary endpoint, and each of the two major components of the primary endpoint -AIDS* and SNA events -are consistent (in the same direction, with Z > 1.5 for each outcome).
At each DSMB review, beginning with the review prior to the end of enrollment when sample size is reestimated, futility analyses will be presented to the DSMB by the unblinded statisticians (those responsible for preparing the DSMB reports) based on conditional and unconditional power. Conditional power incorporates the observed results by treatment group thus far (and uses the originally assumed treatment effect for future data) to calculate the conditional probability of obtaining a significant result by the end of the trial. In contrast, unconditional power does not take into consideration the observed treatment difference. The unblinded statisticians will reestimate what the power was at the beginning of the trial based on the observed event rate in the deferred ART arm, the planned duration of follow-up, and the originally assumed treatment effect. Conditional and unconditional power estimates are used for two different purposes. Conditional power tells us whether we are likely to get a significant result, whereas unconditional power indicates whether a null result would still be meaningful. For example, suppose the unconditional power were only 40%. Even if the true treatment benefit were as originally hypothesized, there would be a 60% chance of missing it. Therefore, a null result would not rule out the originally hypothesized treatment benefit. On the other hand, if unconditional power were high -say 90% -then a null result would effectively rule out the originally hypothesized treatment benefit.
As a guideline, the DSMB is requested to first consider unconditional power. If unconditional power is <70%, the DSMB should then consider conditional power. If conditional power, given the observed data and assuming the originally hypothesized treatment effect thereafter, is <20%, consideration should be given to stopping the trial. We recommend early termination for futility only if both conditional and unconditional power estimates are low, that is, only if a null result is both likely and not meaningful. It is possible that unconditional power is low in the presence of a very large treatment effect of early ART. Hence, there is a need to also consider conditional power. Such a scenario would not be grounds for stopping for futility because conditional power would probably still be high, indicating that a null result is unlikely.
In summary, the DSMB for START is provided with the aforementioned guidelines but will be expected to use their expert and independent judgment concerning early termination. It is recognized that there are a number of considerations in determining whether a trial should be stopped early. For this reason, we proposed guidelines to the DSMB, not rules.
Challenges in study implementation
There were a number of challenges encountered in the implementation of START. Some of these have to do with overcoming difficulties resulting from lack of harmonization of clinical trial regulations across different countries participating in START. These difficulties, which caused a substantial delay in initiating the pilot phase of the study, were described in detail [58] and are summarized below. We also describe how the protocol team addressed S16 AG Babiker et al. 
Clinical Trial Agreements with six pharmaceutical companies
Following the decision by the University of Minnesota to sponsor START, version 1.0 of the study protocol was completed and sent to participating sites and to the six pharmaceutical companies donating drugs for the study. Negotiations to finalize Clinical Trial Agreements (CTAs) between the University of Minnesota and each pharmaceutical company were vigorously pursued, but took several months to conclude. The main difficulty was agreement around clauses of indemnification. Pharmaceutical companies would not hold harmless the University of Minnesota for product liability or lawsuits resulting from claims concerning unexpected adverse events considered to be related to the drugs. At the end, the University purchased extra insurance to cover this liability, and the last of the six CTAs was signed in November 2009, 7 months after the first participant had been enrolled in the study.
Central Drug Repository
Following the execution of the CTAs, work began on setting up the study's Central Drug Repository (CDR). Almac Clinical Trial Services, with major operations based in Durham, North Carolina, and Craigavon, United Kingdom, was retained to manage distribution of 13 drugs to clinical sites in 22 countries participating in the pilot phase of the study. Establishing the CDR involved many tasks, including projecting drug use in each country; preparing text for drug labels, translating labels, and securing local regulatory approvals of labels; printing multiple-page label booklets based on 29 language variants; acquiring drug and accompanying documentation; applying label booklets to bottles; establishing distribution depots in seven countries; and developing a web-based system for drug orders by sites from the CDR and tracking depot inventories. The lengthy processes for obtaining national approvals of clinical trial drug use, the diversity of national requirements for importation of drugs, the complexities of qualified person drug release required in the EU, and the need for additional provision of pharmaceutical documentation resulted in significant delays for some countries to access the study's CDR, which opened for most pilot phase sites between mid-December 2009 and May 2010. Work proceeds on expanding the CDR to supply all newly participating countries and sites in the study.
Designation of the study as an investigational medicinal product trial in Europe
START is comparing two ART management strategies to determine the optimal timing of initiation of ART using FDA-and EMA-approved or tentatively approved antiretroviral drugs. It is not a trial comparing specific drugs, and it is not being carried out under a US Investigational New Drug (IND) application. In spite of this, several (albeit not all) competent authorities in Europe have designated START as a trial of an investigational medicinal product (IMP). As a consequence, procedures for expedited reporting of suspected unexpected serious adverse reactions (SUSARs) to the EU's EudraVigilance had to be established, causing further complications in the conduct of the study.
Impact of changes in HIV treatment guidelines
On the first of December 2009, the DHHS Panel on antiretroviral guidelines released updated guidelines for the use of antiretroviral agents in HIV-1infected adults and adolescents [6] . These guidelines recommended initiation of ART in asymptomatic individuals with CD4 cell counts < 500 cells/µL, which was not consistent with the ART management strategy for the deferred ART group in START.
Previous DHHS guidelines, which were referenced in the START protocol, had recommended initiation of treatment when the CD4 count is <350 cells/µL and stated that ART might be considered in some patients with CD4+ > 350 cells/µL, but that existing data were inadequate to recommend initiation of ART for all patients. The December 2009 DHHS guidelines cite data from a small laboratory-based study and two large observational studies, with particular reference to the North American AIDS Cohort Collaboration on Research and Design (NA-ACCORD) study [28] , to support the recommendation for earlier initiation of ART. The START protocol team was aware of the NA-ACCORD and other studies when version 1.0 of the protocol was written. The results of the NA-ACCORD study were summarized in the START protocol. The findings from NA-ACCORD were discussed with the START DSMB in May 2009. Neither the START protocol team nor the DSMB assessments of the NA-ACCORD data led to any changes in the START protocol. Following the December 2009 update in the US guidelines, however, the START protocol team took a number of actions. First, all investigators were asked whether their clinical uncertainty about the optimal time for ART initiation had changed sufficiently to warrant a protocol revision. The unanimous response was not to change the study design. Second, investigators were reminded about the proper management of participants in the deferred group of START, and additional recommendations were formulated for increased CD4 monitoring as the CD4 count approaches 350 cells/µL. Third, a memorandum was sent to all investigators informing them (1) about the change in the US guidelines, (2) that the protocol was not being modified, and (3) that study participants had to be informed of the new information.
Sites were asked to inform study participants that some experts now recommended starting ART in asymptomatic individuals with CD4+ cell counts between 350 and 500 cells/µL and that this recommendation was not based on data from randomized trials. Sites were required to notify their IRBs/RECs of this new information. The INSIGHT Community Advisory Board was centrally involved in this process and, as a result, a statement was issued by community activists and other organizations from around the world questioning the revised guidelines and arguing that people with HIV needed the evidence from a randomized trial like START to make an informed decision about when to start ART [60] .
Current status of the trial
The first participant was enrolled on 15 April 2009. Figure 5 illustrates the number of clinical research sites open and participants enrolled over time up to the end of 2010. Study accrual increased steadily in 2010 with the availability of antiretroviral drugs distributed from the CDR. At the end of August 2010, when the study had accrued over 600 participants, DAIDS agreed that feasibility of enrollment had been established and that the study could expand to more sites so that the target accrual of 4000 participants could be achieved by the end of December 2012.
At the end of May 2011, a total of 1302 participants had been enrolled. Baseline data are summarized in Table 4 . The study population comprises 16% females; 51%, 16%, 16%, 9%, and 8% enrolled from sites in Europe, North America, Australasia, South America, Asia, and Africa, respectively; about two-thirds of the study population acquired HIV through sexual contact with a person of the same sex. Mean age was 37 (standard deviation (SD): 10) years, and the median level of plasma HIV RNA viral load was 4.1 (interquartile range (IQR): 3.6-4.6) log copies/mL. Median CD4 cell count was 635 (IQR: 578-721) cells/µL, which is much higher than the design assumption. Although a higher median CD4 cell count at baseline would be expected to result in a lower event rate, it would also imply a longer time from randomization to ART initiation in the deferred ART group, and thus, the hypothesized treatment difference in the primary outcome is likely to be greater than was anticipated and the net effect would be an increase in power.
Discussion
The optimal time at which the benefits of treatment of asymptomatic HIV infection outweigh its risks is unknown and has been debated for years [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . There are few controlled trials of ART versus no ART. The Haiti trial [77] , and the comparison of early versus deferred ART within a subgroup of the SMART study [29] examined deferral strategies to a CD4 count of 200 and 250, respectively. There are no data from randomized controlled trials at higher CD4 counts. Thus, treatment guidelines have had to rely on weaker forms of evidence (e.g., nonrandomized studies, studies without clinical outcomes and expert opinion). A careful weighing of the potential risks and benefits of initiating ART early by clinicians and patients (something recommended by all guidelines) is difficult if not impossible. Further, treatment guidelines do not take into account costs, and this complicates the development of public health policies. START is designed to address this knowledge gap by evaluating the impact of initiating ART early at a CD4 cell count > 500 cells/µL compared to deferring ART until the CD4 cell count drops to below 350 cells/µL. Conducting a randomized trial to address the question of when to start ART in HIV-infected but asymptomatic individuals poses significant challenges in design and implementation. There are no reliable surrogate markers of morbidity and mortality that could be used as an outcome measure. High levels of CD4 in HIV-infected persons who have never used ART indicate that the immune system is still relatively intact. However, the clinical impact of increases in CD4 count and suppression of HIV RNA by ART in such persons is unknown, and there may be other effects of HIV and ART, which are not mediated through these pathways. Therefore, CD4 counts and HIV RNA levels cannot be used as surrogate markers for clinical outcomes. The only way to assess the impact of early ART compared to deferred ART is to use a clinical endpoint. Thus, the study needed to be large with extensive follow-up. As in all clinical trials with long follow-up in what has been a fast-moving field, an issue that has to be considered is whether the results from START would still be of relevance at the end of the trial. We consider that this will be the case because there is a far greater stability in treatment and clinical care of people with HIV than in past years. Treatment regimens are now highly successful in maintaining low levels of HIV viral load for many years in the majority of people and, in addition, new drugs are available for the minority of patients who develop drug resistance to the established regimens. The question of when to start ART has been debated for more than 20 years and will remain relevant unless a curative treatment is discovered.
A related issue often raised when designing trials with long follow-up comparing immediate versus deferred treatment is whether changes in clinical management and the introduction of new more potent drugs during the lifetime of the study would confound any treatment effect. The development of new antiretroviral drugs that result in significant improvements in levels of viral load suppression and/or greater increases in CD4 count is possible but, given the high rates of viral suppression achieved in most clinic populations, this seems unlikely. In any case, the use of potentially better drugs in the future by participants in the deferred ART group is one of the consequences of deferring initiation of ART and is part of the strategic question being addressed. Nevertheless, it would be prudent to explore in secondary analyses the contribution of any changes in the treatment environment on the observed effect of early ART compared to deferred ART. In secondary analyses, the START study will compare the early versus deferred ART strategies within subgroups by intended ART regimen (specified prior to randomization) and by calendar time of randomization. These analyses will help to evaluate possible contributions of changes in the ART environment on the treatment difference.
The clinical endpoints that have been used in HIV treatment trials to date are AIDS-defining conditions that are traditionally associated with immunosuppression. The risk of serious AIDS events is very low when the CD4 count is >500 cells/µL (about 6 per 1000 person-years (Appendix B)), and even a large relative reduction in this risk with early treatment would translate into a very modest absolute difference. The primary endpoint in START was chosen as a composite outcome measure of either serious AIDS or SNA conditions. SNA conditions are far more common than AIDS in individuals with high CD4 cell counts [13, 78] . The START study is the only HIV treatment trial to our knowledge that has incorporated SNA conditions as part of the primary endpoint. This has posed challenges in estimating an adequate sample size because there are only sparse data from observational studies on the risk of SNA conditions in ART-naïve individuals with CD4 > 500 cells/µL. Data on these outcomes are not routinely collected in cohorts. Our estimates of the anticipated event rates are thus partly based on modeling and computer simulations using data from several large cohorts and from the SMART trial. All models make assumptions some of which are unverifiable, and it is therefore important to monitor these assumptions during follow-up. The study design incorporates a planned sample size reestimation before enrollment is completed. The reestimation will be based on the observed event rate pooled across the treatment arms and the hypothesized treatment difference so that no adjustment for the significance level in the final analysis would be necessary [79, 80] .
A number of hurdles needed to be overcome in the implementation of the START protocol. To ensure timely enrollment and the generalizability of the findings, the study is being conducted in many countries across six continents in settings with diverse health-care systems and regulatory requirements. The provision of donated antiretroviral drugs to study sites was essential to the success of the study, since many sites were hindered by local treatment guidelines or by lack of funding to access ART in other ways. Providing sites with an adequate supply of drugs required protracted negotiations with six pharmaceutical companies and the establishment of a drug distribution system with a private company. The diversity of the requirements for the conduct of clinical trials across countries and the lack of harmonization even between countries in the same region have all added complexities and costs to the conduct of START. Steps need to be taken to remove the impediments for implementing publicly funded international trials. Some recommended steps are given in Ref. 58 .
All clinical trials, particularly those with long follow-up in a fast-moving area, need to respond in a timely manner to changes in the clinical environment, which occur during their conduct. Changes in treatment guidelines in some locations where the START study is conducted required such a response, which included timely communication with site investigators, ethics committees and institutional review boards, and community representatives.
In summary, the question of when ART should be initiated in HIV-1-infected but symptom-free individuals is one of the most important unanswered questions in HIV research. START is designed to evaluate the risks and benefits of starting ART earlier than is currently practiced, and its findings will inform treatment guidelines and public health policy worldwide. With the carefully collected clinical outcomes (AIDS and non-AIDS), substudies, and stored specimens for future nested case control studies, START promises to shed important light on the pathogenesis of HIV infection, the effects of HIV and HIV treatments on chronic immune activation and inflammation, and the important role of SNA conditions in those living with HIV. 
Introduction
In randomized clinical trials, it is important for treatments to be distinguishable from one another. In START, it was therefore important that the defined treatment strategies lead to differences in CD4 cell count over follow-up that would be projected to lead to clinically relevant differences in the primary endpoint between the two groups. We describe a simulation study we undertook to derive plausible distributions for CD4 cell count in the two groups during follow-up under realistic assumptions about the distribution of CD4 cell count at randomization and the evolution of CD4 count both before and after initiation of ART. We considered three scenarios for the deferred strategy-initiation of ART when CD4 cell count drops to below 350, 400, and 450 cells/µL, respectively. We derived the distribution of CD4 cell count during follow-up in two steps. We first fitted two models for the evolution of CD4 count over time: model 1 (pre-ART model) for time before initiation of ART starting from the date of HIV seroconversion (SC) (which occurs on average about 1 month after infection with HIV); and model 2 (post-ART model) for time starting from the date of ART initiation. The parameters for these two models were estimated using data from the CASCADE study-a collaboration of 26 cohorts of individuals with well-estimated dates of HIV seroconversion [42] . Second, the distribution of CD4 cell count during follow-up in the early and deferred ART groups was derived by simulating trajectories based on models 1 and 2 conditional on the distribution of CD4 count at entry in START. Participants in START enter the study with a CD4 cell count >500 cells/µL, and within this range, we would expect eligible individuals with CD4 count closer to 500 cells/µL to be more likely to consent to participate in the study than those with much higher CD4 count. We therefore conservatively assumed that at baseline, 40%, 30%, 20%, and 10% of participants will have CD4 count between 500 and 549, between 550 and 599, between 600 and 699, and between 700 and 999 cells/µL, respectively. We describe the implementation of these steps and the way they were combined to simulate the CD4 cell count trajectories.
Modeling CD4 trajectory before and after ART initiation
CD4 counts are known to have substantial variability, and a major component of this variability is measurement error (variability of repeated assessments of the same sample). The measured (or observed) CD4 count can be viewed as the sum of the true underlying count and measurement error. While the clinical event rates were assumed to depend on the true CD4 count, initiation of ART in the deferred group is determined by the observed count. Let X i (t) and Y i (t) be the true and observed square root CD4 for individual i at time t. Then
where {E i (t); i = 1,. . .,I} are independent identically distributed random measurement errors assumed to have a normal distribution with mean of 0 and standard deviation σ e . Standard mixed linear models (MLMs) assume that X i (t) is a piecewise polynomial (usually linear or piecewise linear) function of time but with random coefficients varying between individuals. However, these models imply that within individuals, the true CD4 count tracks a simple curve perfectly over the entire follow-up period. Diggle [81] suggested the addition of a zero-mean stochastic process W i (t) to provide stochastic variation around the within individual deterministic path suggested by the MLM for the true count. Taylor et al. [82] fitted this extended model to repeated observations on CD4 count in the Multicenter AIDS Cohort (MAC) data [83] with W i (t) an integrated Ornstein-Uhlenbeck process [84] , which includes Brownian motion as a special case. They used a fourth root transformation and found that a model with scaled Brownian motion fitted the data best.
We modeled CD4 count in a square root scale -a transformation suggested by Box-Cox. Time was measured in years, from HIV seroconversion for the CD4 trajectory before ART initiation (pre-ART) and from the time of ART initiation for the trajectory after initiation of ART (post-ART).
Pre-ART
Model 1. True square root CD4 follows an underlying linear decline plus a Brownian motion process X(t) = A + Bt + W(t) where A and B, the true square root CD4 at the time of HIV seroconversion and slope after seroconversion, respectively, are assumed to be jointly Gaussian with E(A) = α; var(A) = σ a 2 ; E(B) = β; var(B) = σ b 2 and corr(A,B) = r ab ; cov(A,B) = σ ab = r ab σ a σ b ; W(t) is a scaled Brownian motion process independent of A and B with W(0) = 0; var(W(t)) = δt and corr(W(t 1 ),W(t 2 )) = min(t 1 ,t 2 )/(t 1 t 2 ) 1/2 .
Thus, the population mean of Y(t), the observed square root CD4 at time t, is α + βt, with var(Y(t)) = σ a 2 + 2σ ab t + σ b 2 t 2 + δt + σ e 2 cov(Y(t 1 ),Y(t 2 )) = σ a 2 + σ ab (t 1 + t 2 ) + σ b 2 t 1 t 2 + δ min(t 1 ,t 2 )
The model parameters were estimated by maximum likelihood, and for ease of optimization, model parameters with restricted range were appropriately transformed (σ a , σ b , σ e , and δ were log transformed and r ab is arctanh transformed). Adequacy of the MLM is tested by setting δ = 0 and referring the change in −2 log-likelihood to the chi-square distribution with 1 degree of freedom.
Data for model 1. We used data available in CASCADE up to December 2007. All CD4 assessments made before the development of any AIDS-defining illness and before ART initiation were used to estimate model parameters. This resulted in 89,176 CD4 measurements from 15,274 individuals. The mean number of measurements per individual was 5.8 (SD: 6.5), median of 4 (IQR: 2-8), and range of 1-77. Results. The log-likelihood for the full (extended) model, which includes the Brownian motion Table A1 shows the parameter estimates of the extended model and their standard errors. This model suggests that without treatment, the average annual decline is 1.1 in the square root scale. In terms of absolute CD4 count, this translates into a drop of about 55 cells from 625 to 570 over 1 year. Note the negative correlation between the initial CD4 count at HIV seroconversion and the slope so that individuals with higher initial CD4 count would have a steeper decline. For comparison, the log-likelihood for the reduced (standard mixed linear) model was −244149.34. The parameter estimates for the reduced model are given in Table A2 .
Testing δ = 0. Difference in −2 log-likelihood between the full and reduced model was 6161.86, p < 10 −300 , providing very strong evidence for the lack of fit of the MLM compared to the full model with a Brownian motion component. Figure A1 shows the standardized residuals for the two models, plotted against CD4 count, and demonstrates the poor fit of the standard MLM.
Predicting individual-specific 'true' trajectory. Each individual's true root CD4 at HIV seroconversion and underlying slope are predicted by the best linear unbiased predictors (BLUPs) defined as the conditional mean of X(t) given the individual's observed CD4 counts. This is derived from the conditional mean of A and B, and for any given time t, W(t) is predicted from its conditional mean given the individual's observed CD4 counts. Individual-specific predicted values of A, B, and W(t) are then used to obtain predicted true square root CD4 for that individual through the model equation CD4: CD4+ T lymphocyte; ART: antiretroviral treatment; CASCADE: Concerted Action for HIV SeroConversion and AIDS in Europe. Figure A2 . Distribution of "true" square root CD4 at seroconversion (15, 274 participants in CASCADE) .
CD4: CD4+ T lymphocyte; CASCADE: Concerted Action for HIV SeroConversion and AIDS in Europe. Figure A3 . Distribution of the slope of square root CD4 before ART initiation (15, 274 participants in CASCADE) .
CD4: CD4+ T lymphocyte; ART: antiretroviral treatment; CASCADE: Concerted Action for HIV SeroConversion and AIDS in Europe. where W(t) is a Brownian motion process independent of A, B, and C with W(0) = 0; var(W(t)) = δt; and corr(W(t 1 ),W(t 2 )) = min(t 1 ,t 2 )/(t 1 t 2 ) 1/2 .
Adequacy of the MLM is tested by setting δ = 0 and referring the change in −2 log-likelihood to the chi-square distribution with 1 degree of freedom.
Data for model 2. All CD4 assessments made after starting ART in individuals in CASCADE starting combination ART (cART) when ART-naïve after December 1996 were used to estimate the model parameters. Follow-up is censored at 6 years after ART initiation. There were 65,137 CD4 cell count measurements from 5147 individuals. Mean number of measurements was 12.7 (SD 9.6) with median of 11 (IQR: 5-18) and range of 1-106.
Results. The log-likelihood for the full and reduced (MLM) models was −168110.81 and −170974.66, respectively. Parameter estimates for the full and reduced models are shown in Tables A3 and  A4 . Under the full model, the maximum likelihood estimate of corr(A,C) = −1 so that the slope after 1 year is a linear function of the baseline value (square root CD4 at ART initiation). Writing C − γ = −ψ(A − α), the model parameters are reduced to α, β, γ, σ a , σ b , r ab , ψ, δ, σ e , with We note the strong negative correlation between baseline CD4 count (A) and both initial gradient of the rise during the first year (B) and subsequent smaller rise after the first year (C). Thus, although both early and later gradients are positive on average, there are more likely to be smaller (and for later gradient even negative) for those starting ART at very high CD4 cell count. This is probably a reflection of the fact that in the CASCADE study, individuals who started ART at high CD4 count were more likely to stop or interrupt treatment than those who started at a lower CD4 count.
We also note that the two models are no longer nested. However, the model with Brownian motion 
Simulation of CD4 count during follow-up
We simulated CD4 trajectories for 50,000 participants with 10,000 on no treatment (No ART) throughout follow-up of 6 years, 10,000 following the early ART strategy where ART is initiated at entry into the study, and 30,000 following three deferral strategies with 10,000 participants in each group. Deferral strategy 1 (Def1) would start ART as soon as CD4 count is observed to fall below 350 cells/µL and is confirmed 1 month later. Def2 and Def3 would start ART when the observed CD4 count had fallen below 400 and below 450, respectively-also confirmed 1 month later. The purpose of introducing Def2 and Def3 is to take account of the proportion of participants in the deferred ART group who would initiate ART at a CD4 count >350 cells/µL either because of diagnosis of an AIDS-defining illness as is allowed in the study protocol or for any other reason by considering a weighted average of key design parameters (changes in CD4 cell count and primary event rates) in Def1, Def2, and Def3. We also considered two different scenarios for the frequency of regular study visits (four monthly or three monthly) to assess the impact of the frequency of measurements of CD4 cell counts. We present the results assuming four monthly visits (the three monthly frequency of visits resulted in a very small reduction in time to ART initiation in the deferred ART group). The observed CD4 counts at baseline were generated so that 40% would have baseline count ≥500 and <549, 30% have 550-599, 20% have 600-699, and 10% have 700-999. For each participant, the true CD4 cell count was drawn from the conditional distribution of X(t 0 ) in model 1 given the participant's observed count, where t 0 is time since HIV seroconversion at enrollment. We estimated t 0 by the mean time since HIV seroconversion for the categories of observed CD4: 500-499, 550-599, 600-648, 650-699, 700-799, and 800-999, provided by the CASCADE data used in fitting model 1.
The distribution of time since HIV seroconversion by observed CD4 count is given in Table A5 . For observed CD4 count between 500 and 999, mean time since HIV seroconversion ranges between 2.92 and 3.28 years and the median between 1.93 and 2.43 years. The distributions of true and observed CD4 cell counts at baseline are summarized in Table A6 . At study entry, true CD4 count has mean 578 and standard deviation 134 cells/µL. Because of measurement error and the entry criterion (CD4 count >500), the mean of the observed count is higher than the mean of the true count by about 20 cells/µL. Baseline true and observed CD4 provided initial values to simulate CD4 counts at every month during follow-up (months 1-72) using model 1 for the No ART group throughout follow-up and for Def1-Def3 until the time of ART initiation. Model 2 was used for the early ART group throughout follow-up and for Def1-Def3 after ART initiation. The month of ART initiation was defined for each participant in the deferred groups as the second of two consecutive months (the first of which coincided with a regular study visit) at which CD4 count was less than the CD4 cutoff defining the deferral strategy. Figure A4 shows the Kaplan-Meier plots for time to ART initiation according to the deferral strategy. For Def1, where ART is initiated when CD4 count drops to <350 cells/µL, median time to ART initiation was 41 months with lower quartile 21 months and upper quartile >72 months. For Def2 and Def3, where ART is initiated when CD4 count drops to <400 and to <450 cells/µL, the median (IQR) was 29 and 21 (9-45) months, respectively. The mean and standard deviation of true CD4 count at annual visits for the four treatment strategies are listed in Table A7 . Figure A5 shows the median of the true CD4 count during follow-up. The largest difference between early ART and any of the three deferral strategies occurs during the second year of follow-up at months 18, 15, and 12 for Def1, Def2, and Def3, respectively, and is reduced after this time as more patients initiate treatment. One year after randomization, median true CD4 count in early ART was higher than in the No ART, Def1,
Introduction
START is the first HIV treatment trial to incorporate SNA events as part of the primary endpoint, and one of the challenges we faced in the design is that there are no data from observational studies to provide any guidance on the rate of these events in the target populations for START as these events are not systematically collected in cohorts. More generally, there is little information on morbidity and mortality in patients starting ART at a CD4 count > 500 cells/µL. Our assumptions about the event rates were arrived at in several steps. First, we fitted two models for the evolution of CD4 count over time before and after ART initiation and estimated the parameters of these models as described in Appendix A. Second, we estimated the 'true' CD4 counts corresponding to the observed (measured) CD4 counts used in the estimation by their BLUPs. If Y(t) is the observed CD4 count at time t and X(t) is the corresponding 'true' (unobservable) count, the BLUP of Y(t) is the conditional mean of X(t) given the observed value Y(t). Third, we estimated the relationship between latest ('true' and observed) CD4 count and rates of serious AIDS (including AIDS-related death), death from any cause, and non-AIDS-related death using data from CASCADE [42] (and UK CHIC [10] for serious AIDS or death by latest observed CD4 only). This relationship was estimated separately before and after ART initiation. The rate of SNA events was assumed to be a constant multiple of the rate of non-AIDS-related death, regardless of the level of current CD4 count. We describe the implementation of the third step (steps 1 and 2 are detailed in Appendix A) and the way these steps were combined to estimate the primary event rate during follow-up. We assumed that the event rates are determined by current 'true' CD4 count, and that the relationship between current CD4 count and the event rates after ART initiation is the same in the early and deferred treatment groups.
Event rates by latest CD4 count
CASCADE is a collaboration of 26 cohorts of HIVinfected individuals in whom the time of HIV seroconversion is well estimated. The data contain clinical information including CD4 count, vital status, and cause of death. For the purpose of assessing the rate of clinical events (serious AIDS, all-cause mortality and non-AIDS-related death) by latest CD4 count, only CD4 counts that were measured while the participant was ART naïve or after initiation of ART if the participant had started cART after 1996 and was ART naïve at the time of starting cART were used. Separate analyses were performed for the two periods before (pre-ART) and after ART initiation (post-ART). Each participant's follow-up was divided into time spans with each span starting at the date of a CD4 assessment and ending at the earliest of the date of the next CD4 assessment, 6 months after the initial CD4 assessment, at the time of last follow-up, or the development of the clinical event under study. The time spans were grouped, according to the CD4 count at the start of the span, into the following four categories: <200, 200-350, 350-500, and ≥500. The rates within CD4 categories were calculated by aggregating the number of events and person-years within each category. The estimated rates are given in Table B1 . For event rates by latest 'true' CD4 counts, the same methods as for observed CD4 count were used. The 'true' counts were calculated from the models used for the CD4 trajectory described in Appendix A. The results are presented in Table B2 .
Expected event rates in START
As described in Appendix A, we simulated CD4 trajectories for 50,000 participants with 10,000 on No ART throughout follow-up of 6 years, 10,000 following the early ART strategy where ART is initiated at entry into the study, and 30,000 following three deferral strategies with 10,000 participants in each group. Def1 would start ART as soon as CD4 count is observed to fall below 350 cells/µL and is confirmed 1 moth later. Def2 and Def3 would start ART when the observed CD4 count had fallen below 400 and 450, respectively -also confirmed 1 month later. The purpose of introducing Def2 and Def3 is to take account of the proportion of participants in the deferred ART group who would initiate ART at a CD4 count > 350 cells/ µL either because of diagnosis of an AIDS-defining illness as is allowed in the study protocol or for any other reason by considering a weighted average of key design parameters (changes on CD4 cell count and primary event rates) in Def1, Def2, and Def3. Two different scenarios were considered for the frequency of study visits (four monthly or three monthly).
To calculate the hazards for the clinical events (serious AIDS, all-cause death, and non-AIDS death) at every month of follow-up, we imputed the event [13, 39, 40 ].
The primary endpoint for START is a composite of two major components -serious AIDS (including AIDS-related death) and SNA (including non-AIDS related death). A small number of participants would be expected to develop events in both components. The proportion of these participants among all participants reaching the primary endpoint was set to be either 5% or 10%.
A weighted average of the cumulative probability of reaching the primary endpoint (the cumulative distribution function (CDF)) in Def1, Def2, and . Tables B3, B4 and B5 show the predicted average rate of the primary endpoint and two of its major components. The cumulative hazard and the CDF of time to the primary endpoint were calculated for each participant at each month of follow-up. The CDF was then averaged across participants at each month of follow-up for each of the five groups. Figure B1 displays the CDF by group under the scenario of 4-month follow-up, rate of nonfatal serious non-OD events was four times the rate of non-AIDS death, 65% of serious AIDS events and 90% of SNA events accepted by ERC, and 5% of participants experiencing both AIDS and SNA. Figure B2 displays the expected CDF in the two treatment groups in START under the previous scenario. This was used to calculate the sample size under the following further assumptions: 
Appendix C: CD4 count at ART initiation in the deferred group of START Background and methods
The intention of the START protocol is to initiate treatment in the deferred ART group as soon as CD4 count drops below 350 cells/µL so that CD4 count at ART initiation would be below, but close to, 350. As the decision to initiate ART is based on the measured (observed) CD4 cell count, which is measured with error, the observed CD4 count at ART initiation would be expected to underestimate the true count. We explore the extent of this bias using data from the UK CHIC study [54] as well as the simulated data used in estimating the sample size for START. According to the START protocol, participants in the deferred ART group are to initiate ART as soon as CD4 cell count is observed to fall below 350 cells/µL and the measurement is confirmed within 4 weeks. Using data derived from a subset of participants in the UK CHIC study with first CD4 count > 500 while they were ART naïve, we describe the distribution of the measured CD4 cell count at the time when it first dropped below 350 as well as at the first time two consecutive counts were observed to be below 350. We then use the models and simulations results described in Appendix A for the trajectories of true and observed CD4 cell counts of participants in the deferred ART group to estimate the bias in CD4 cell count measured at the time of ART initiation. Table C1 shows the median value of CD4 count around the time when CD4 drops to below 350. The median of the second of two consecutive values < 350 is 280. These data are based on CD4 counts measured a median of 91 days apart (from last value > 350 to first value < 350); max 183. These findings will therefore not be strictly relevant to the situation where patients are being closely monitored as they approach CD4 350. Interpretation of what the median value is likely to be in START, where participants will be monitored more regularly as they approach 350, and also the confirmatory value will be done within a short period, is not straightforward and depends on whether the variability in the measured CD4 count reflects variability in the true underlying CD4 count or not. If much of the variability in CD4 count reflects real underlying changes, then there may be real increases in underlying CD4 count after first falling below 350.
Data from the UK CHIC study
On the other hand, if a substantial part of the variability in measured (observed) CD4 counts reflects measurement error, the apparent increase in observed CD4 after first falling below the threshold is not real and is due to the inherent bias caused by measurement error and the deferral strategy based on observed counts (regression to the mean).
Bias in measured CD4 at ART initiation as an estimate of the true count
Measurement error is equally likely to be positive or negative and is zero on average. Consequently, the observed value of CD4 is equally likely to be above or below the true value and on average equals the true value (i.e., an unbiased estimate of the true count). However, this would no longer be the case if the measured CD4 is restricted to values falling below a threshold (350). In this case, the measurement error would more likely be negative than positive, and the observed CD4 would be biased downward. The magnitude of such a bias depends on the amount of variability (e.g., SD) of the measurement error. The larger the variability in the measurement error the larger is the bias. This could explain the apparent increase in the median CD4 count following the value first observed to be below 350 (from 304 to 350) in the UK CHIC data. The alternative explanation (if we were to assume little measurement error) is that there is a real increase in the underlying true CD4 count following a fall below the threshold.
Simulated data -methods
The simulations that were performed to estimate the CD4 trajectories in the deferred ART group are described in Appendix A and are used here to explore the impact of various scenarios of the implementation of the protocol vis-à-vis ART initiation in the deferred group on the distribution of CD4 at ART initiation. The scenarios considered are as follows: • Frequency of regular visits: four monthly or three monthly (only the former is relevant to START). • Frequency of additional CD4 assessments during the month following a CD4 < 350: once, twice, or four times. • ART initiated after two counts < 350 within 1 month: whether these two counts are consecutive or not.
Simulated data -results
About two-thirds of participants in the deferred group are predicted to meet the CD4 criteria for starting ART during the study. This varies between 62% (4-monthly regular visits, one additional visit after one month following CD4 < 350) and 70% (3-monthly regular visits, four additional visits in the month following any CD4 < 350 at a regular visit, and confirmatory count not consecutive). Those who start ART would do so after an average time (from randomization), which varies between 25 and 28 months (4-monthly regular visits) and between 23 and 27 months (3-monthly regular visits). Table C2 gives median and IQR of CD4 at ART initiation for the 10 different scenarios. Median observed CD4 count varies between 278 and 291 for 4-monthly regular visits and between 282 and 295 for 3-monthly regular visits. The median true CD4 count is consistently higher than the observed value demonstrating the downward bias in the observed count due to the variability in measurement error. For example, for 4-monthly regular visits, four additional visits, and confirmatory count not necessarily consecutive, the median observed CD4 at ART initiation is biased downward by 53 (345-291) cells/µL. Table C3 shows that the median of the first of the two values < 350 at ART initiation is only slightly CD4: CD4+ T lymphocyte; ART: antiretroviral treatment; IQR: interquartile range. a Occurring on average between 10 days and 1 month before ART initiation in those initiating ART during follow-up (approximately two-thirds of participants). CD4: CD4+ T lymphocyte; ART: antiretroviral treatment; IQR: interquartile range. a Occurring on average between 25 and 28 months from randomization in those initiating ART during follow-up (approximately two-thirds of participants).
higher than the confirmatory value, which is not surprising given the short time between the two assessments. Table C4 gives the distribution of CD4 at the assessment immediately before (3-4 months before) the first of the two counts triggering ART initiation. The median of the observed value at this assessment ranges between 421 and 455 (4-monthly regular visits) and between 418 and 452 (3-monthly regular visits). Comparison with the true value shows that the observed value is biased upward, not downward as in Tables C2 and C3 , because of the requirement that it should be greater than or equal to the threshold of 350.
The distribution of CD4 count at the visit following the confirmatory value (3-4 months after the confirmatory value), if ART had not been started, is summarized in Table C5 . Because there is no threshold condition, the observed count is very close to the true count (i.e., there is no bias resulting from measurement error since there is no selection). For 4-monthly regular visits and four additional visits, the median value is 330 (observed) and 332 (true).
Finally, for comparison with UK CHIC data, the median of the first simulated observed count < 350 (not confirmed) and measured at a 3-monthly regular visit was 285 (IQR: 242-319) ( Table C2 ). The corresponding median from the UK CHIC analysis was 304 (Table C1 ).
Conclusions
• There is substantial variability in measured (observed) CD4 count including measurement error. • Median measured CD4 at ART initiation is likely to be much lower than 350 cells/µL. Simulated data suggest a value of about 290 CD4: CD4+ T lymphocyte; ART: antiretroviral treatment; IQR: interquartile range. a Occurring on average between 3 and 5 months before ART initiation in those initiating ART during follow-up (approximately two-thirds of participants). 
